The spatial dynamics of spawning fish are crucial because they influence the survival rates of eggs and larvae and ultimately impact the reproductive success of populations. The factors that control these dynamics are complex and potentially many, and they interact. A model-selection-based approach was developed to confront various hypotheses of control of the spatial distribution of spawning population of North Sea plaice (Pleuronectes platessa). For each hypothesis or combination thereof, statistical models were constructed. These were then ranked and selected based on their ability to adjust and predict observed spatial distributions. The North Sea plaice population seems to have developed strong attachment to specific spawning sites, where geographic location and population memory are important controlling factors. Temporal changes in spatial distribution patterns appear to be influenced primarily by population size and demography. Variations in hydrographic conditions such as temperature and salinity do not appear to control interannual fluctuations in spatial distribution. This means that, for reproduction, applying conventional habitat models may falsely attribute major controlling effects to environmental conditions. It is concluded that a multiplehypothesis approach is essential to understanding and predicting the present and future distribution of the North Sea plaice population during its spawning season.
, Sutherland (1983) and McCall (1990) and have changed during the study period (bottom temperature and salinity). Spatial 144 dependency (also termed spatial autocorrelation) describes the spatial structure present in 145 the spatial distribution of plaice. This structure may potentially be shared by other controls 146 like persistent and non-persistent environment. Population size is the size of the population 147 estimated each year, in biomass as well as the total number of individuals in the 148 population. Annual age structure (referred as annual demography) is the proportions of 149 each cohort in each year whereas spatial age structure (referred as spatial demography) is 150 the spatial distribution of each cohort at each trawling station for each year. Geographic 151 location corresponds to absolute coordinates (latitude and longitude) and population 152 memory depicts the degree of persistence of plaice distribution from one year to the next. 153
Geographic location supposes that plaice returns to the same spawning site every year 154 whereas population memory reflects that current spatial distribution depends upon past 155
distribution. 156
Five environmental variables were used in the analysis: depth (m), bottom 157 temperature (°C) and salinity, seabed stress (N.m -2 ) and sediment type. Depth, bottom 158 temperature and salinity were measured at each trawl location from 1981 to 2007. Salinity 159 was transformed using the equation 15 exp( ) /10 Salinity , to be closer to normality. Seabed 160 stress is a measure of the shear friction of water on the seabed caused by the tidal current. 161
It was estimated using a 2D hydrodynamic model (Aldridge and Davies, 1993) and sediment type was allocated to each trawl by resampling corresponding maps at trawl 170 location using ArcMap's Hawth's Analysis Tools extension (Beyer, 2004) . Depth, seabed 171 stress and sediment type were grouped to represent persistent environment, i.e. 172 environment that did not vary during the period of study, whereas bottom temperature and 173 salinity were kept to represent non-persistent environment. 174
Spatial dependency in the spatial distribution of spawning plaice was modelled 175 using principal coordinates of neighbour matrices (PCNM). PCNM are especially designed 176 to describe the spatial structure present in the distribution of an organism over a wide range 177 of scales (Borcard and Legendre, 2002 ; Dray et al., 2006 ; Bellier et al., 2007) . Extraction 178 of these PCNM has been made following Borcard and Legendre, 2002 degrees of longitude into decimal degrees of latitude which are of constant distance using a 182
Mercator like projection formula. The resulting distance matrix was then truncated by 183 recoding all the distances above a particular threshold to four times this threshold. The 184 threshold was taken as the maximum distance between two neighbouring stations in order 185 to keep all the stations connected together. A principal coordinate analysis was then 186 performed on this truncated distance matrix leading to 7317 potential PCNM from which 187 only positive PCNM (eigenvectors with positive eigenvalues) were kept. 188 PCNM that describe the spatial structure present in plaice distribution were then selected. 189 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y   12 Generalised additive models (GAM, Hastie and Tibshirani, 1990; Guisan et al., 242 2002) have been used for building the models. They allow relating, in a non-linear way, a 243 biological response to several explanatory variables using smoothing functions. As often 244 with ecological data, the abundances of spawning adults displayed a zero-inflated 245 distribution. The modelling procedure had to be split into two steps: a binomial model with 246 a logit link and a Gaussian model with an identity link were built respectively on presence-247 absence and non-null log-transformed abundances. For the binomial model, the various 248 hypotheses of control were tested: geography, persistent and non-persistent environment, 249 the three spatial sub-models, annual demography, population size and memory. For the 250
Gaussian model, the spatial demography was also added. 251
252
Model adjustment and prediction 253 254 Models were fitted (adjusted) on one part of the dataset and applied for prediction 255 on another part of the dataset to see the effect of the dataset on models and hypotheses 256 selection. In strategy (a) 'Predict 2000s', models were fitted to data from the beginning of 257 the study period (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) ) and applied to predict on the spatial distribution of plaice for 258 the later part of the study period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . A total of 4410 and 3190 trawl sets were 259 used to fit binomial and Gaussian models, respectively, and 1088 and 843 trawl sets, for 260 binomial models and Gaussian models respectively, were used for prediction. In strategy 261 (b) 'Predict 1980s', models were fitted on the end of the study period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) and 262 applied for prediction to the beginning of the study period (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) . In this instance, 263 4268 and 3229 trawl sets were used to fit binomial and Gaussian models respectively, 264 while 962 and 647 trawl sets were used for prediction .21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 For each strategy, two selection procedures were adopted. Models were selected 277 through both their ability to fit and predict the spatial distribution of plaice. Models were 278 compared based on their goodness of fit using the Akaike Information Criteria (AIC) 279 (Akaike, 1974) According to formulas (1) and (2), the best among all candidate models is the one with the 308 lowest AIC and i ∆ = 0. It is the model with the best adjustment to observed data and 309 parsimony in the number of explanatory variables. Models were ranked in increasing order 310 of i ∆ . Only binomial and Gaussian models with i ∆ less than 10 were selected as models 311 with higher i ∆ are unlikely to include the best model (Burnham and Anderson, 2002 Binomial and Gaussian models selected based on the likelihood ratio test were re-331 applied to the corresponding prediction dataset of each strategy within the same range that 332 have been used to fit Gaussian models (more restrictive as based on lesser observations). 333
Predicted probabilities of presence and predicted log-transformed abundances were then 334 combined in a delta approach where they are multiplied to each other (Stefánsson, 1996) to 335 predict spatial distribution. This resulted in several predicted distributions by combination 336 of binomial and Gaussian models. Predicted distribution were graphically compared to 337 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Nine hypotheses were confronted using binomial models and ten using Gaussian 367 models, which resulted respectively in 511 and 1023 possible models. Based on the 368 selection procedures, a total number of 41 models were selected (Table 2 ). Selected models 369
were not the same depending on the selection criteria which means that best fitted models 370 to the data were not those with the best predictive power. Models selected based on their 371 predictive power were more numerous (Table 2 ) and less complex in terms of the number 372 of hypotheses and explanatory variables than those selected based on their adjustment to 373 the data ( Figure 6 ). Selected models were also not the same according to the strategy and 374 type of model (Table 2) ; binomial models were less complex compared to Gaussian 375 models ( Figure 6 ). 376
Frequencies of each hypothesis within the set of selected models were estimated 377 (Table 3) . Three hypotheses dominated: population size, population memory and spatial 378 demography. Persistent environment and broad and medium scale sub-models were also 379 important but less frequent. Geography, non-persistent environment, fine scale sub-model 380 and annual demography were the less frequent hypotheses and those that show strong 381 differences in selected models according to the type of model and selection procedure 382 (Table 3) . Geography was more frequent in models selected from prediction and especially 383 in Gaussian models. Non-persistent environment and fine scale sub-model were more 384 frequent in Gaussian models selected from fitting and more frequent in binomial models 385 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The present study reveals that selected models are not the same according to the 455 time period on which they are adjusted and applied. This approach has proven to be 456 informative as it has shown that these differences in selected models reflect that some 457 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The analysis of the hypotheses retained in selected models from prediction reflects 470 differences in the relevance of some hypotheses according to the type of model (either 471 binomial or Gaussian). This suggests that the presence-absence of spawning plaice at a 472 certain location is not controlled in exactly the same way as abundance. According to the 473 frequencies of the various hypotheses in models selected from prediction, five hypotheses 474 can be determined to be important (present in more than 50% of selected models) to 475 determine presence/absence of spawning plaice population: persistent environment, broad 476 and medium scale and population size and memory. Geographical location and population 477 demography (both annual and spatial demography) appear to be additional factors for the 478 control of abundance. 479
The importance of persistent environment to determining the spatial distribution of 480 both presence/absence and abundance of spawning plaice means that its spatial distribution 481 is primarily controlled by geographical variation in depth, seabed stress and sediment type. 482
Whereas non-persistent environment was present in most of selected models, we think that 483 it is not a relevant hypothesis to explain the spatial distribution of spawning plaice. We 484 argue that the difference of frequency of both geographical location and non-permanent 485 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 We argue that the low frequency of the annual demography hypothesis during the 532 2000s only reflects the low diversity in the age structure at this time. This is supported by 533 the fact that when the age structure is more diverse (during the 1980s the size of the 534 population was greater than in the 2000s), the role of the annual demography becomes 535 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 have caused us to underestimate the full role of the population age structure in determining 546 the presence of spawning plaice. Despite the current truncated age structure, both annual 547 and spatial population demography seem to be important to explain temporal variations in 548 the spatial distribution of abundances. Young and old individuals of plaice are not 549 occurring in the same areas. The older ones are usually distributed more offshore compared 550 to youngest ones more near to the coast (Cushing, 1990) . There is also a difference in time 551 spent on the spawning grounds according to the age of the individuals. Old individuals 552 arrive first on spawning grounds and stay longer compared to young individuals 553 (Rijnsdorp, 1989) . This implies that, depending on the annual age structure of the 554 population observed in different years, several areas will be more or less occupied, which 555 will lead to substantial variations in the observed distribution pattern from one year to 556 another year. 557
Of the three spatial scales we detected in the distribution of spawning plaice, when 558 confronted to other hypotheses, two are important: the broad and medium scales. Broad 559 scale is more important to characterise the areas of presence whereas medium scale is more 560 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 shown that the different sub-populations of North Sea plaice tend to return to their specific 608 spawning grounds from one year to another (Hunter et al., 2004) . The present study allows 609 us to validate point (3) as it has proved that space, persistent environment and population Although considered as simple, multiple-regression approach is an elegant way to 657 model single hypotheses using simple explanatory variables and to combine them in order 658 to construct models of increasing complexity. This method has also revealed itself useful in 659 confronting and selecting models that are best able to reproduce the observed distribution of spawning plaice. Present study has pointed out some discrepancies between selected 661 models depending on the selection criteria and it has been deduced that inference on the 662 various hypotheses of control should be based on models selected from prediction rather 663 than from calibration. If this method offers a valuable alternative, the time period 664 considered as well as the data variability it encompasses is also an important feature to 665 evaluate the importance of the various hypotheses, as applying models on a wide range of 666 ecological variability can reveal hidden effect between collinear variables. Some key 667 questions raised in this study deal with the size of the prediction dataset. In this study, the 668 calibration dataset was much larger than the prediction dataset which can lead to more 669 complex models needed to fit the data. However, we believe that determining the 670 hypotheses of control should not depend on the size of the dataset. Processes that control 671 the distribution of a species should be able to correctly reproduce the observed pattern 672 whatever the number of years considered. For plaice, it was unfortunately impossible to 673 build a larger prediction dataset that would include all the range of variability of the 674 calibration dataset. However, this particular aspect should also be further studied to verify 675 the stability of the selected set of hypotheses. 676
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